The solubility of RE 2 O 3 (RE = Eu, Sm, and Yb) with variable valence in molten salts is extremely low. It is impossible to directly obtain variable valence metals or alloys from RE 2 O 3 using electrolysis in molten salts. We describe a new approach for the preparation of variable valence rare earth alloys from nano rare earth oxide. The excellent dispersion of nano-Eu 2 O 3 in LiCl-KCl melts was clearly observed using a luminescent feature of Eu 3+ as a probe. 
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Introduction
It has been long thought that rare earth (RE = Eu, Sm, and Yb) metals with variable valencies can not be obtained via reduction of their halides using Ca or Li as a reducer, because these RE metals can form stable bivalent halides. In principle, since the reduction potential of RE(II) to RE(0) is even more negative than the solvent in the chloride system, it is impossible to prepare variable valence RE metals directly by electrolysis from molten salt chlorides. The only technique for making variable valence RE metals is through reduction by lanthanum, cerium or their mixture with low vapor tension, and distillation at high temperature in a vacuum. However, this methodology has many drawbacks, such as low throughput, a complex and discontinuous production processes, and high energy consumption. In such a process, lanthanum and cerium prepared by electrolysis are essential reduction materials, but incur a high cost. A better approach to produce these variable valence RE metals is alloying directly with other metals. [1] [2] [3] [4] [5] [6] [7] In the past decades, the raw materials for the preparation of variable valence RE alloys are RE chlorides and fluorides, obtained via the chlorination and fluorination of RE oxides. However, toxic and corrosive HCl and HF have to be bubbled into the melts to avoid the formation of RE 2 O 3 precipitates during the electrolysis process, because RE(III) is very sensitive to O 22 ions. In order to overcome the drawbacks of the route using chlorides and fluorides as precursors, some researchers have achieved metals, nonmetals, or alloys from their respective oxides via electrochemical reduction in molten salts. Chen 3 (A. R.) and then mixed with a water-ethanol (v/v = 1 : 7) solution containing citric acid (A. R.) as a chelating agent for the metal ions. The molar ratio of metal ions to citric acid was 1 : 2. Polyethylene glycol (PEG, molecular weight = 10 000, A. R.) was added to adjust the viscoelasticity of the solution (a final concentration of PEG is 0.08 g mL 21 in the water-ethanol solution). The resultant mixtures were stirred for 1 h to obtain a homogeneous hybrid sol and heated at 75 uC in a water bath until homogeneous gels formed. After being dried in an oven at 110 uC for 10 h, the gels were ground and prefired at 500 uC for 3 h in air. Finally the samples were fully ground and fired to 700 uC for 3 h.
Purification of the melts and solubility measurement of RE 2 O 3
The mixture of LiCl-KCl (50 : 50 wt%, analytical grade) was first dried under vacuum for more than 72 h at 473 K to remove excess water. Metal ion impurities in the melts were removed by pre-electrolysis at 22.0 V (vs. Ag/AgCl) for 4 h. 13, 14 Aluminum and samarium, ytterbium and europium ions were introduced into the bath in the form of AlCl 3 , Sm 2 O 3 , Yb 2 O 3 , and Eu 2 O 3 powders. To determine the solubility of RE 2 O 3 (wt%) in the LiCl-KCl melts at 480 uC, the nanosized and common particles were added into the LiCl-KCl melts and held for 3 h at 480 uC, and then the samples were taken from the clear supernatant fluid in the molten salt mixtures. After the clear supernatant fluid samples were solidified, each sample was dissolved in distilled water for analysis. The solution was diluted and analyzed using an inductively coupled plasma atomic emission spectrometer (ICP-AES, IRIS Intrepid II XSP, Thermo Elemental). The contents of K + , Li + , and RE 3+ measured by ICP were converted to the masses of KCl, LiCl, and RE 2 O 3 , and then the solubility of RE 2 O 3 in LiCl-KCl melts was calculated.
Electrochemical apparatus and electrodes
All electrochemical measurements were carried out using an electrochemical workstation (Im6eX, Zahner Co., Ltd.) with THALES 3.08 software package. A silver wire with a diameter of 1 mm, which was dipped into a solution of AgCl (1 wt%) in LiCl-KCl melts contained in a Pyrex tube was used as a reference electrode. A spectrally pure graphite rod with a diameter of 6 mm served as the counter electrode. The working electrodes were molybdenum wires (diameter 1 mm, 99.99% purity), which were polished using SiC paper to remove the surface oxides, then cleaned ultrasonically with ethanol prior to use. The active electrode surface area was determined after each experiment by measuring the immersion depth of the electrode in the molten salts.
Preparation and characterization of Al-RE alloys
The Al-RE alloys were prepared by potentiostatic electrolysis under different conditions. After electrolysis, all samples were washed with hexane (99.8% purity) in an ultrasonic bath to remove salts and then stored in a glove box for analysis. These deposits were analyzed by X-ray diffraction (XRD, X' Pert Pro; Philips Co., Ltd.) using Cu-Ka radiation at 40 kV and 40 mA. The microstructure of the Al-RE alloys was measured by scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS) mapping analysis (JSM-6480A; JEOL Co., Ltd.).
Results and discussion

Characterization of nanosized RE 2 O 3
In the first step, we prepared nanosized Eu 2 O 3 , Sm 2 O 3 and Yb 2 O 3 particles by a sol-gel process. Fig. 1 0.75, 0.77 and 0.85, respectively. Compared with common materials, nano-particles in nano-materials interleave each other and form a porous network structure, resulting in greater porosity. Therefore, the bulk density of the aggregated nanosized Sm 2 O 3 is lower compared to common materials. The solubility values of normal and nano Sm 2 O 3 , measured in the LiCl-KCl melts at 480 uC, were 0.007981 and 0.1355 wt%, respectively, as shown in Fig. 3d-f . The ratios of solubility of nano RE 2 O 3 (RE = Eu, Sm, Yb)/common RE 2 O 3 (wt%) are 13.81, 16.98, and 17.29, respectively. The large increase of solubility for nano-materials can be ascribed to the following reasons. According to the view presented by Ma, 15 the decrease in particle size from normal RE 2 O 3 to the nano size leads to a larger dangling-bond density. The existence of a mass of dangling bonds will principally generate two results: On one hand, the dangling bonds increase the surface energy, which consequently decreases the critical temperatures of thermodynamic processes like the melting point, 16 crystallization temperature, 17 sintering temperature. 18 On the other hand, dangling bonds have a tendency of binding to other atoms. Accordingly, they become the active centers for adatom adsorption and interaction, making some thermodynamic processes and chemical reactions easier. 15 The nanoparticles have smaller dimensions and larger specific surface areas, which facilitate greater contact of RE 2 O 3 with Cl
2
. The nanoparticles, therefore, possess more active atoms than normal ones, which are highly active to absorb large numbers of Cl 2 . These factors facilitate the diffusion of RE 2 O 3 nanoparticles into the melts.
The practical states of dispersion of common and nanosized RE 2 O 3 are plotted in Fig. 3g-i (Fig. 3k) .
In the vicinity of RE 2 O 3 atoms, RE 3+ ions are in higher concentration than in the bulk solution. RE 2 O 3 atoms and RE 3+ ions form a positively charged complex, of which there is abundance in the melts. Electrostatic repulsion between these complexes promotes suspension, which could explain the even dispersion of particles in melts. This could explain why nano-RE 2 O 3 particles can disperse well in melts. Small size, high solubility and even dispersion of nano-particles are prerequisites for electrolyzing RE alloys from RE 2 O 3 in melts.
Electrochemical behavior of nano-RE 2 O 3 on Mo and Al electrodes
The element Al was selected as an alloying element in the variable valence RE alloys due to its excellent mechanical properties. The electrochemical behavior of LiCl-KCl containing AlCl 3 and RE 2 O 3 (Sm, Yb, Eu) on a molybdenum electrode was studied. Fig. 4 shows the representative CVs obtained on molybdenum electrodes (S = 0.322cm 2 melts. An anodic current background or wave on the neck of anodic peak A9 (the oxidation of deposited metal Al) is likely to be associated with the formation of Al-Mo alloy in the positive-going scan (Fig. S1, ESI{) . It is not feasible to study the redox RE(II)/RE(0) system because RE(II) is reduced to RE(0) at a high negative value close to that of lithium reduction, which agrees with data in the literature.
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However, because nano RE 2 O 3 can be well dispersed in molten LiCl-KCl salt at low temperature, the underpotential deposition of RE on pre-deposited aluminum leads to the formation of Al-RE (RE = Sm, Yb, and Eu) alloys, marked by cathodic current peaks B 1 , B 2 , and B 3 , respectively. The peak of alloy formation was observed in melts containing nano RE 2 O 3 . Nano effects, responsible for this behavior, give rise to high solubility and even dispersion in melts, and subsequently result in the deposition of RE on Al and formation of Al-RE alloys. After peaks B 2 and B 3 , a current wave C is observed, which is associated with the underpotential deposition of Li(I) on pre-deposited Al forming Al-Li alloys. On the anodic sweep, A9, B9, and C9 are related to the oxidation of metallic Al, Al-RE and Al-Li alloys. From the inset graph in Fig. 4 (a) and (b), B 1 9 and B 2 9 are split into two oxidation peaks B 1 99 and B 1 999, and B 2 99 and B 2 999, respectively. According to the phase diagram of Al-Sm and Al-Yb system, 25 the oxidation peaks B n 99 and B n 999 (n = 1 and 2) correspond to two intermetallic compounds of Al-Sm and Al-Yb alloys, respectively. The redox peaks of REs(III) to REs(II), which should have occurred prior to Al signals, are not clearly observed. This is probably because the concentration of RE 2 O 3 is relatively low and the redox peaks are not easily found in comparison with the larger-scaled peak A. Another possible explanation is that the CV experiments did not cover a wider potential range. These points were proved in square wave voltammetry and Fig. S1 , ESI.{ The reduction signals of REs(III) to REs(II) with the same concentration are detected in square wave voltammetry (see Fig. 5 ), which is a more sensitive method than cyclic voltammetry. Prior to the reduction peak of Al, the reduction peaks of Sm(III)/Sm(II), Yb(III)/Yb(II), and Eu(III)/ Eu(II) were observed at about 20.85, 20.45, and 0.39 V, respectively. These values are in agreement with the data reported in literature, 4, 7, 22 when temperature and melt system differences are taken into account. The formation signal of AlMo is also observed between the reduction peaks of Al and RE(III) to RE(II) (RE = Eu and Yb). We do not observe the peak (or shoulder) corresponding to Al-Mo formation in LiCl-KClAlCl 3 -Sm 2 O 3 melts. The signal is probably hidden by a largerscale reduction current of Sm(III) to Sm(II) due to the slight difference of their formation potential. Two additional cathodic peaks after the reduction peak of Al correspond to the underpotential deposition of RE (Sm, Yb, and Eu) and Li on pre-deposited Al forming Al-RE and Al-Li alloys, respectively. In the previous section, the electro-deposition of Al-RE alloys from nano-RE 2 O 3 was studied on an inert electrode. The electrochemical behavior of nano-RE 2 O 3 was also investigated on an active Al electrode using CVs and open-circuit chronopotentiometry (Fig. 6) . The element Sm was selected to represent an RE element with variable valency. The shape of the curve obtained at the Mo electrode is remarkably different from the curves obtained at the Al electrode. The electrochemical window of the Al electrode is limited cathodically by Li(I) reduction forming a Li-Al alloy, and anodically by the oxidation of the Al electrode, marked as C and A9, respectively. In this electroactive range, a group of signals B/B9, were observed at a more positive potential than that at the Mo electrode. Since this potential value is more positive than the potential of Sm metal deposition, the cathodic peak is thought to be caused by the formation of an Al-Sm alloy. We can also see that the reduction potential value of Li(I) is more positive at the Al electrode than that at the Mo electrode.
Cyclic voltammetry cannot be used to clearly identify the intermetallic compounds. So, open-circuit potentiometry was carried out to investigate the formation potential of Al-Sm alloys (Fig. 6b) . The measurements were conducted as follows: after a short cathodic polarisation at a high cathodic over potential, the open-circuit potential of the electrode was measured versus time. Since the deposited Sm metal reacts with Al and diffuses into the bulk of the electrode, the electrode potential gradually shifts to more positive values. During this process, the evolution of the potential consists of successive plateaus, of increasing potential, each plateau typical of equilibrium in the solid state between two intermetallic compounds. The diffusion of Sm within the substrate explains the increase at potential of the cathode.
For 100 s in the beginning, the potential was kept at 22.15 V, assessed as the formation of Al-Li alloy. Potential plateaus, observed at (2) 21.80 V; (3) 21.60 V, are considered to correspond to the coexisting phase states of Al-Sm alloys. Finally, a potential plateau observed at 21.00 V is the potential abandon of the Al electrode.
Potentiostatic electrolysis and characterization of the deposits
Based on the results obtained by CVs and chronopotentiogram, potentiostatic electrolysis was carried out in LiCl-KCl melts containing 1 wt% nano-Sm 2 O 3 and 2 wt% AlCl 3 with different concentrations on aluminum electrodes at 480 uC. The structure, morphology, and energy dispersion analysis of deposit obtained by electrolysis are shown in Fig. 7. Fig. 7a presents the XRD patterns of Al-Sm alloys obtained by potentiostatic electrolysis from LiClKCl-AlCl 3 (2 wt%)-Sm 2 O 3 (1 wt%) at different potentials for 2 h. The sample (i) obtained at 21.7 V was identified as an Al 3 Sm and Al substrate. Thus, the alloy formed on the Al electrode is identified as the Al 3 Sm alloy. The sample (ii) was identified as a mixture of Al 3 Sm + Al 2 Sm + KCl at a more negative potential of 22.0 V. The morphology of the deposit obtained at a more negative potential 22.2 V is shown in Fig. 7b . Some white particles form on the Al substrate. To figure out the composition of the particles, EDS analysis was carried out. EDS of points A (Fig. 7c) and B (Fig. 7d) indicate that the Sm content in the alloys is relatively high. These Al-Sm-rich intermetallic compounds are mainly composed of Al and Sm elements with Al : Sm atomic ratios of 1.80 and 2.51, respectively, which are in good agreement with the stoichiometric ratio (2 : 1 or 3 : 1). This data suggests that Al 2 Sm and Al 3 Sm are formed during electrolysis.
Conclusions
The RE (RE = Sm, Eu, and Yb) alloys with variable valent were prepared for the first time by electrolysis from the corresponding nano-rare earth oxides at 480 uC in LiCl-KCl melts. Size, solubility and dispersion of the nano-particles in the LiCl-KCl melts were examined. The bulk density ratios and solubility of nano-Sm 2 O 3 / normal Sm 2 O 3 are 0.77 and 16.98, respectively. Electrochemical behavior of RE 2 O 3 on a molybdenum and Al electrode in LiClKCl melts containing AlCl 3 at 480 uC was investigated by cyclic voltammetry, square wave voltammetry, and chronopotentiometry. The results of cyclic voltammetry indicates that the underpotential deposition of RE on pre-deposited aluminum leads to the formation of Al-RE (RE = Sm, Yb, and Eu) alloy. The formation signals of Al-RE alloys also are detected in square wave voltammetry and open-circuit chronopotentiometry. The structure, morphology, and energy dispersion analysis of deposit obtained by potentiostatic electrolysis were analyzed, and the formation of Al-Sm alloys was confirmed.
